The sieve-pipette is the standard method for determining soil particle size distribution (PSD) because it is precise and reproducible. However, this method requires considerable time. Light diffraction methods for determining PSD are fast, but there is no standard procedure and often, results do not agree precisely with the pipette. The objective of this study was to develop a simple and fast procedure for sample handling and treatment of light diffraction method. A commercially available laserlight diffraction instrument was used. Soil samples were loaded dry into the instrument for ease and speed. A combination of chemical and physical dispersion within the instrument was found to be convenient and effective. Time required to analyze a sample was at most 15 min. Reproducibility between different operators was good, with S.E. ranging from 0.2% to 3.6%. Furthermore, we attempted to identify optimal values for the real refractive index and imaginary refractive index used in the optical model for light diffraction. Values of 1.42 and 0.001 for real refractive index and imaginary refractive index, respectively, were found to give acceptable results when compared with the pipette method. The light diffraction method was not significantly different from the pipette method for sand (P = 0.084), silt (P = 0.743), and clay (P = 0.052). Correlation between the light diffraction and pipette method for sand, silt, and clay was acceptable (R 2 = 0.88, 0.80, and 0.69, respectively). The light diffraction technique does not have a perfect agreement with the pipette method, but it provides data rapidly and was reproducible. This method can be very valuable when a large number of samples need to be analyzed for relative comparisons between different sites. (Soil Science 2006;171:663-674) 
T HE sieve-pipette method is often used in soil science as a standard method from which to compare other particle size distribution (PSD) methods (Gee and Or, 2002) . Results obtained with the sieve-pipette method are precise and reproducible. The sieve-pipette method is based on Stokes law (Gee and Or, 2002) . The most important assumption in the application of Stokes law is that soil particles behave like spheres. However, sand particles have sharp angular edges (Wilding et al., 1977) , and clay particles resemble stacked paper sheets rather than marbles (Hurlbut, 1971) . Furthermore, Stokes law is valid for a single particle that is settling slowly in a fluid without the interference of other forces or motions. Therefore, laminar flow must be maintained, which presents a problem for larger particles because they create turbulence as they settle and for smaller particles because they can be disturbed by Brownian motions (Allen, 1981; Vitton and Sadler, 1997; Xu, 2002) . In addition, at high particle concentrations, there are interactions and interferences between particles (Allen, 1981; Vitton and Sadler, 1997; Xu, 2002) . On the practical side, the application of Stokes law to the sieve-pipette method works well for analysis of soil-particle size distribution (Indorante et al., 1990; Gee and Or, 2002) . However, settling times for small particles, such as clay, are long (~8 h).
In the sieve-pipette method, the sand fraction is determined by sieving, increasing the time needed for analysis. Because the orifices of most sieves are square, the geometry and orientation of the particles play an important role (Allen, 1981; Matthews, 1991; Xu, 2002) . The main drawbacks of the sieve-pipette method include the difficulty of setting up the equipment properly, time of analysis, and differences in operators' skills (Indorante et al., 1990) . Laboratory technique and operator error can have a significant impact on results obtained with the sieve-pipette method (Syvitski et al., 1991) . Advantages include relative low cost of the equipment, high precision, and reproducibility.
An alternative method for PSD determination is laser-light diffraction. Laser-light diffraction technology may fulfill the need for a fast and reproducible method for PSD determination. One of the initial problems associated with light diffraction techniques was that the detection ranges of available instruments were not adequate to cover the complete range of particle-size limit classification established by the United States Department of Agriculture (USDA). New instruments and technologies have reduced this problem. Another drawback is cost, but the expense of purchasing the equipment could be offset in the long run by the large number of samples that can be analyzed and reductions in labor per sample.
Light diffraction methods for measuring soil and sediment PSD have been investigated by many scientists with mixed results (Loizeau et al., 1994; Buurman et al., 1997; Konert and Vandenbeghe, 1997; Muggler et al., 1997; Beuselinck et al., 1998 , Arriaga et al., 2000 Eshel et al., 2004; Zobeck, 2004) . The main problems with light diffraction techniques at the moment are the lack of a simple, fast, standard sample treatment procedure and the low correlation with the sieve-pipette method. The principal advantage of laser methods is that sample analysis can be performed fast, almost 50 times faster than the sieve-pipette, increasing the number of samples that can be analyzed. In addition, the amount of sample needed for analysis is greatly reduced. Laser methods can be useful in situations where PSD needs to be determined for a large number of samples from one location, such as in landscape studies.
The main advantage of laser-light methods is speed of analysis; therefore, the objective of this work was to develop a quick and simplified protocol for preparing soil samples and performing PSD measurements with a laser-light scattering device. In addition, optimal values for the refractive indices used in the optical model were determined to match PSD to the sieve-pipette method as close as possible.
MATERIALS AND METHODS
Soil samples from seven different states in the United States were used to test the proposed protocol (Table 1) . These soils covered a large range of soil orders and various PSD. In addition, a set of six constructed samples was tested. These samples were created by decanting different soil fractions (i.e., silt and clay) from a Dubuque silt loam soil (fine-silty, mixed, mesic, Typic Hapludalfs) (Starr et al., 2000) . The sand was removed by sieving and set aside. The pure sand, silt, and clay were mixed in different proportions to obtain the set of six samples ( Table 2 ). The sieve-pipette method as described by Gee and Or (2002) was performed for silt and clay determination, whereas the sand fraction was determined by sieving. The sievepipette analysis was conducted for all soil samples at the USDA-NRCS Soil Survey Laboratory located in Lincoln, Nebraska.
When developing the analytical procedure for PSD using the light diffraction instrument, soil pretreatment and handling was kept as simple as possible to stay within the intent of the principal objective of this work. Sample preparation, including carbonate and organic matter removal, is the same as for the sievepipette method (Gee and Or, 2002 Tap water was used in the LS230 instead of distilled water because this instrument has sensors that rely on electrical conductivity to control the level of water in the sample vessel and prevent overflow. The tap water was softened to aid soil dispersion and avoid flocculation that can be caused by Ca and Mg in the water and to avoid calcification of internal parts of the instrument. For this purpose, a residential style water conditioner system set to 2500 grains of hardness and a disposable filter assembly rated at 0.2 6m were used (Pall Corporation, East Hills, NY). The sample vessel has a capacity of about 1.7 L. 
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Sample Analysis The following steps were followed when analyzing samples with the light diffraction device. (i) With the sample vessel filled with about 1.5 L of water and the pump running at 62% (~10 L min j1 ), 100 mL of a solution of 50 g of sodium hexametaphosphate per liter of water was added.
(ii) Once the dispersant was mixed with the water, a background reading was taken. This background reading was compared with a standard background reading that was saved in the computer. (iii) Dry soil sample was added in small increments, usually about 10 increments, until the obscuration and PIDS readings were from 5% to 10% and 45% to 48%, respectively. The amount of sample needed for the instrument to take a reading varied as a function of the PSD of the soil to be analyzed (Table 3 ). The dry sample was mixed in the Whirl-Pak \ bag before sample loading by rotating the bag about 10 times along its short and then long axis. The bag was then opened carefully, and a small spatula was used to carefully mix the soil sample to assure that a representative portion of the soil sample was added into the instrument. (iv) The sonicator was turned on for 480 sec. (v) Data from the detectors were collected for 90 sec. (vi) An optical model was applied to the data, and a 
Refractive Indices and the Optical Model
Data collected by the different detectors in the instrument were in raw format and needed VOL. 171~NO. 9 P ARTICLE SIZE LASER-LIGHT DIFFRACTION 667 to be converted mathematically using an optical model into particle sizing. There are two optical models commonly used, the Fraunhofer and Mie theories. The Mie theory is based on electromagnetic theory of scattering developed by Gustav Mie and published in 1908 (Williams, 1968) . The mathematics involved are complex, and not until computers were available was the Mie theory used and applied with success. For this reason, the Fraunhofer diffraction approximation has been widely used (Agrawal et al., 1991) . However, the Fraunhofer theory is a limiting case of the Mie theory which is only applicable when particles are large relative to the light wavelength (de Boer et al., 1987) . Furthermore, de Boer et al. (1987) concluded that for laser diffraction instruments, the Mie theory better describes the size of particles that are suspended in a liquid. Therefore, the Mie theory was used as the optical model for this study.
The optical model using the Mie theory requires the input of three refractive indices. A refractive index for the liquid used to suspend the particles, in this case water, which has a refractive index of 1.33. The other two indices needed are the real refractive index (RRI) and imaginary refractive index (IRI). These values are mainly affected by mineralogy and color. Values for the RRI and IRI directly affect the determination of the different soil fractions with the light diffraction method and their correlation to the sieve-pipette method. For this reason, values for the RRI and IRI to match as close as possible the results from the sievepipette method were used. Data collected with the light diffraction instrument were analyzed using several values for the RRI and IRI to determine optimal values for both parameters. Further description of this process will be covered in the Results and Discussion. Fig. 4 . Reproducibility between operators of the proposed procedure for PSD by light diffraction was acceptable. Avg indicates average particle content from the operators; Pptt; particle content from sieve-pipette method listed as a reference. The symbols represent every fifth data point.
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Statistical Analysis
The laser-light method proposed here and the sieve-pipette method were compared using a paired-sample t test (Zar, 1984) . Data were tested for normality before any statistical analysis was conducted using the D'Agostino-Pearson test (Zar, 1984) . A lack of significant difference (P 9 0.05) denotes no statistical difference between the two methods. Statistical analysis was performed using CoStat statistical software (CoHort Software, Monterey, CA).
RESULTS AND DISCUSSION

Analysis Procedure
As stated in the Materials and Methods, the soil samples were introduced into the instrument dry. Because the amount of soil needed for the instrument to reach adequate obscuration levels varied from sample to sample, the soil samples were introduced dry to maintain the simplicity and speed of the procedure, which is in accordance with the main objective of this work. Another option explored was to introduce the soil sample in solution after shaking overnight in sodium hexametaphosphate (Eshel et al., 2004; Zobeck, 2004) , but this presented a problem because sand particles settled out quickly before the sample was introduced in the machine, making it difficult to obtain a representative subsample. Thus, dry samples were placed into the sample vessel and dispersed in the instrument before taking the reading. The volume of water in the system was not very critical, but using a near to maximum amount of water in the sample vessel allowed for a larger subsample of soil to be used for each analysis. The proper pump speed to keep all particles in suspension, including sand, was determined by observing changes in the obscuration values while changing the pump speed. The centrifugal pump was operated at 62% of its capacity, about 10 L min j1 . Sample dispersion of the soil was achieved by a combination of chemical and physical means. Chemical dispersion was done by adding 100 mL of 50 g L j1 of sodium hexametaphosphate solution to the sample vessel before obtaining a background reading. Physical dispersion was performed with the built-in sonicator of the instrument as well as the action of the pump. Chemical dispersion with no sonication was almost as effective as sonicating for 540 sec with no chemical dispersant added (Fig. 1) . Several 
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ARRIAGA, ET AL. SOIL SCIENCE sonication times were evaluated, with 360 sec of sonication being adequate for most soils tested; however, we recommend sonication for 480 sec to assure proper dispersion (Fig. 2) . After sample dispersion, the detectors were set to take readings continuously for 90 sec. Total time required to analyze a sample, including cleaning the sample vessel after analysis, was approximately 12 min. The detection range of the instrument tested falls within the range of PSD of most soils. Sand, silt, and clay fractions used to construct soil samples (see Table 2 ) were readily identified when analyzed separately (Fig. 3) . Soil samples were evaluated several times by different operators to establish reproducibility of the method. Reproducibility of the proposed procedure was good, with S.E. ranging from 0.2% to 3.6%. Figure 4 shows differences between replicate runs of same soils, including dry sample loading, conducted by different operators.
Determination of the Real and Imaginary
Refractive Indices While trying to find the best possible RRI and IRI values to compare the PSD obtained with light diffraction to the sieve-pipette method, it was noted that the instrument generally overestimated the silt fraction and underestimated the clay fraction. This is in agreement with the findings of Arriaga et al. (2000) and Eshel et al. (2004) . Therefore, different values for RRI and IRI were tested for several samples to determine which values provided the greatest clay prediction possible. A value of 1.40 for the RRI typically gave the greatest clay content prediction by the optical model (Fig. 5) . Similarly, sand content as predicted by the optical model peaked around an RRI value of 1.54 (Fig. 6 ). With these two limits established for RRI, several values of RRI VOL. 171~NO. 9 P ARTICLE SIZE LASER-LIGHT DIFFRACTION 671 between 1.40 and 1.54 were tested. An RRI of 1.42 seemed to produce good results and was compared with the sieve-pipette method. This discussion follows below in the next section. The IRI component of the optical model had an effect on the PSD curve and the boundary between the silt and clay size classes. Samples with a relatively large silt content were selected to determine an adequate value for the IRI that would enhance the boundary between silt and clay. Although IRI values around 0.1 are commonly used, it was noted that a value of 0.001 for the IRI made it easier to distinguish between silt and clay ( Fig. 7) and improved model prediction. Values greater than 0.01 had little effect on the optical model output (data not shown). Parameters for the optical model using the Mie theory were set at 1.42 and 0.001 for the RRI and IRI, respectively.
Relationship to the Sieve-Pipette Method Particle size distribution data obtained with the light diffraction method was compared with sieve-pipette measurements of the same soil samples. A paired-sample t test was used to determine separately if there was statistical difference between sand, silt, and clay contents measured by the two methods. Several combinations of RRI and IRI were used for the optical model and tested against the sieve-pipette results. With the RRI and IRI values at 1.42 and 0.001, respectively, there were no significant differences between the two methods for sand (P = 0.084), silt (P = 0.743), and clay (P = 0.052) at the 95% level.
Relationship between the light diffraction and sieve-pipette methods varied for the different soil fractions (Fig. 8) . Correlation between the sieve-pipette and light diffraction measurements for sand was acceptable (R 2 = 0.88). However, for the silt and clay fractions agreement between methods was lower, with R 2 values of 0.80 and 0.69, respectively (Fig. 8) . This was in accordance with the findings of Konert and Vanderghe (1997) . Furthermore, the slope of the lines were close to one for sand and silt (1.028 and 1.067, respectively), whereas for clay, it was 0.7703 (Fig. 8) .
Algebraic differences between the two methods were varied (Table 4) . Overall differences ranged between 0% and 19.6%, with 3.1 (6.0) Ã A positive difference value indicates that the light diffraction method overestimated the percent particle size for that soil fraction, whereas a negative value indicates an underestimation.
. Samples 1 to 6 are the constructed samples listed in Table 2 . 
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ARRIAGA, ET AL. SOIL SCIENCE typically all three fractions varying for a specific soil. Mean differences for sand, silt, and clay were j3.9, 0.8, and 3.1, respectively. In general, the light diffraction method as presented here tended to underestimate the sand fraction. The constructed soil samples created from the fractionated soil served as a check for the sieve-pipette technique, as well as the laser-light diffraction. As expected, there was excellent agreement between the sieve-pipette method and the artificial soil samples (Table 2) . Agreement with the light diffraction procedure was acceptable, with S.E. between the three measurements ranging from 0.2% to 9.6%. Although the laser-light scattering technique for PSD determination does not have perfect agreement with the sieve-pipette, it provides a means of rapidly obtaining soil PSD data.
CONCLUSIONS
The procedure described in this paper for analysis of soil PSD with a light diffraction method was robust and reproducible. Soil sample analysis was achieved in a fraction of the time when compared with the traditional sieve-pipette method. Operator error and differences seem to be minimal with the proposed procedure. Sonication alone seemed to work as well as chemical dispersion. In addition, modifications to the RRI and IRI of the optical model improved results and comparison with the sieve-pipette method. Discrepancies between the light diffraction and the sieve-pipette method are a concern, but with the advent of new instrumentation and data analysis software, these differences could be reduced further.
The light diffraction method can be of value when used to make relative comparisons of a large number of soil samples of similar origin, within the same soil profile, or across a given landscape, such as for detailed soil mapping and spatial variability work. If a large number of samples from the same landscape need to be analyzed, it may be feasible to develop a soil specific calibration. In this situation, a subset of samples could be analyzed by the sieve-pipette method and used to calibrate the light diffraction method. This process would speed the total analysis time and allow for intensive soil sampling in the field. The laser-light diffraction technique does not have a perfect agreement with the sieve-pipette method, but it is reproducible and provides data rapidly. This type of measurement can be of value, but for an exact and accepted determination of soil PSD, the sieve-pipette method is still recommended.
